Objective-To determine the feasibility of studying myocardial and skeletal muscle bioenergetics using 31p magnetic resonance spectroscopy (MRS) in babies and young children with congenital heart disease.
1*9 Tesla horizontal 65 cm bore whole body magnet to study the myocardium in 10 patients and skeletal muscle (gastrocnemius) in 14 patients, eight of whom were exercised, together with appropriate controls. Results-In hypoxaemic patients, in skeletal muscle at rest intracellular pH (pH1) was abnormally high [7. 06 (SEM 0.04) v 7*04 (0.05), P<0 .01] and showed a positive correlation with haemoglobin (P<0.03). On exercise, hypoxaemic patients fatigued more quickly but endexercise pHi and phosphocreatine recovery were normal, implying that an equivalent but smaller amount of work had been performed. End-exercise ADP concentration was lower. On recovery, the initial rate of phosphocreatine resynthesis was low. Skeletal muscle bioenergetics were within normal limits in those in heart failure. In the myocardium, the phosphocreatine/ATP ratio was similar in controls and hypoxaemic subjects, but low in those in heart failure. Conclusions-In heart failure, the myocardial phosphocreatine/ATP ratio was reduced, as in adults, while resting skeletal muscle studies were normal. By contrast, hypoxaemic children had normal myocardial bioenergetics, but showed skeletal muscle alkalinity, and energy reserves were more readily depleted on exercise. On recovery, the initially slow phosphocreatine resynthesis rate reflects a low rate of mitochondrial ATP synthesis, probably due to an inadequate oxygen supply. 31P MRS offers a safe, non-invasive method of studying myocardial and skeletal muscle bioenergetics in children as young as 5 months.
(Heart 1996;75:614-619) Keywords : magnetic resonance spectroscopy; bioenergetics of skeletal muscle; bioenergetics of myocardium; congenital heart disease Over the past 20 years, magnetic resonance spectroscopy (MRS) has emerged as a powerful tool for the non-invasive, in vivo, investigation of the relation between energy provision and expenditure in health and disease. Initially it was performed in animals, but its application was extended to man in 1981.1 To date, most experience with this technique in human cardiac disease has been in adults. We wished to determine the feasibility of using this technique to study infants and young children.
Poor exercise tolerance has long been recognised as a major symptom of heart failure, but has received relatively little attention until recently as it was assumed simply to reflect impaired cardiac output reserve and raised pulmonary venous pressures. It is now recognised that the degree of exercise intolerance correlates poorly with the degree of left ventricular impairment, and several groups have shown abnormalities of skeletal muscle function, metabolism, and composition in patients with heart failure-abnormalities which themselves may influence exercise capacity.2 Most of this information has come from muscle biopsies, but the technique of phosphorus-31 (31p) MRS is now proving to be a valuable tool for the investigation of working skeletal muscle in Vl' In this study subjects as young as a few months of age were investigated. They had various forms of congenital heart disease and we attempted to obtain bioenergetic profiles using 31P from heart and skeletal muscle whenever possible. We were particularly interested in studying those with cyanotic congenital heart disease to determine whether there was evidence of metabolic adaptation to the often profound hypoxaemia tolerated by such individuals. PCr, each metabolite will slightly alter the position in the spectrum). Thus 31P MRS can be used to identify and quantify high energy phosphate metabolites involved in the creatine kinase reaction.
MAGNETIC RESONANCE SPECTROSCOPY AS
Anatomical considerations dictate that different spectral acquisition protocols must be used to examine different structures. For example, skeletal muscle, such as gastrocnemius, has no superficial signal producing tissue to "contaminate" the spectra, so a relatively simple and rapid "pulse and collect" Depth experiment can be performed. The heart, (cm) however, lies directly below the intercostal and transversus thoracis muscles which themselves are rich in high energy phosphates that can contaminate the spectra from the underlying myocardium. A localisation method is therefore necessary to identify uncontaminated spectra from the heart. This will be described more fully in the methods section. Examples of normal skeletal muscle and myocardial spectra are shown in fig 2 designed to correspond with the position adopted in the magnet while lying on the surface coil. The diameter of the coil (6, 10, or 15 cm) was chosen to be appropriate for the age and size of the subject.
Spectra were obtained using a repetition rate of 3-5 s and acquisitions were gated to the diastolic phase of a simultaneously recorded ECG in order to remove motion artefact and collect signal during the optimal phase of the cycle. Spectra representing adjacent 08-1 cm slices proceeding antero-posteriorly from chest wall to myocardium and then ventricular cavity were obtained. The optimal heart row was identified by a characteristically lower PCr/ATP ratio relative to overlying skeletal muscle. Whenever possible, at the end of the procedure the position of the heart relative to the coil was confirmed by proton imaging.
CALCULATIONS
The phosphocreatine to adenosine triphosphate ratio (PCr/ATP) was obtained by manual triangulation. Correction was made for ATP from any blood-contamination of the spectrum by estimating 2,3-diphosphoglycerate (2,3-DPG) from its peaks, adjacent to phosphocreatine, and assuming the ratio of DPG/ATP in blood to be 4-3 for fully saturated blood and 10 in hypoxaemia (G K Radda, unpublished observation).
HAEMOGLOBIN ESTIMATION
Seven children with cyanotic congenital heart disease had had a routine peripheral venous haemoglobin concentration [Hb] estimated by the hospital laboratory within two months of the MRS study. Determination of [Hb] for the sole purpose of the study in these children or in other subjects, normal or diseased, was not considered to be ethically justified.
TRANSCUTANEOUS OXYGEN SATURATION
For safety reasons, throughout the MRS data acquisition in the cyanosed group, estimates of transcutaneous oxygen saturation were made using a pulse oximeter (Datex) which had been modified for use within the strong magnetic field.
STATISTICAL ANALYSIS
Data are presented as the mean (SD). Statistical significance of differences was assessed by the Mann Whitney U test for nonparametric data.
Results

SKELETAL MUSCLE STUDIES
Resting studies In skeletal muscle (table 2) , PCr/Pi and PCr/(PCr + Pi) were similar in controls and all groups with congenital heart disease. The pHi at rest was, however, higher in the hypoxaemia group, at mean 7-06 (0 04) v 7 04 (005) (P < 0.01), and showed a positive correlation with [Hb] (r = 076, P < 0-03), the latter crudely reflecting the degree of chronic hypoxaemia. The (fig 3) . The initial rate of PCr resynthesis was, however, significantly lower in those with cyanotic congenital heart disease.
In the child who had previously undergone a successful Senning procedure the data obtained from the exercise study were similar to control data.
MYOCARDIAL STUDIES
In the myocardium (table 4) PCr/ATP ratios were similar in controls and hypoxaemic individuals. However, the three young children with heart failure and the two who had previously undergone a Senning procedure had relatively low ratios.
Discussion
In our study, MRS was carried out on the heart and skeletal muscle in children and young adults with congenital heart disease, myocardial spectra being obtained from infants as young as 5 months of age. Magnetic resonance spectroscopy studies were well tolerated by even the youngest children. Once asleep, being positioned inside the bore of the magnet and conducting the scan did not disturb the babies or younger children, and the majority remained asleep for approximately one hour. This was sufficient time for collection of spectra. Older children were awake for the studies, but were generally very cooperative. In particular, they were not afraid to go into the scanner provided time was taken to explain, at a level appropriate to their understanding, what to expect. Indeed, the experience could be made positively enjoyable if they were encouraged to see the procedure as a game, and for example, pretend the scanner was a spaceship! There were no instances of claustrophobia and the required study times of up to one hour were well tolerated.
At rest, in children who generally had a low pulmonary blood flow, hypoxaemia was associated with a relative cellular alkalinity of the skeletal muscle, confirming an observation previously made by this unit.9 Tissue alkalinity has also been observed using MRS in adult patients with chronic ischaemia secondary to peripheral vascular disease.6 Apart from this difference in pHi, there were no other resting bioenergetic differences between the hypoxaemic patients and either the controls or the patients in heart failure, suggesting that those with cyanotic congenital heart disease are somehow adapted to hypoxaemia at rest. Whether the increase in tissue pH is involved in an adaptive process is unknown, and the mechanism by which it occurs remains speculative. It is unlikely to be due to reduced production of lactic acid because metabolism at rest is oxidative. Perhaps there is an increase in the set-point of the Na+-H+ antiporter, an exchange system important in regulation of tissue pH.
Hypoxaemic patients were more easily fatigued on exercise. This is not surprising as it is consistent with their limited everyday effort tolerance. Although adaptive processes may be effective at rest or on minimal effort, energy reserves are more rapidly depleted with sustained effort. The end of exercise pHi values were similar in the two groups, but the rate of fall in pHi in the hypoxaemic group was greater than in controls, suggesting an increase in the rate of anaerobic ATP synthesis by glycogenolysis and glycolysis.
The end-exercise [ADP] was significantly lower in the hypoxaemic subjects. ADP is recognised as an important regulator of oxidative phosphorylation, and its concentration in normal muscle is inversely related to the number of mitochondria in the cells. 10 The lower [ADP] in the hypoxaemic patients could be related to an adaptive increase in the density of mitochondria within the muscle in order to make maximum use of the limited amount of tissue oxygen available. In cyanotic heart disease, the slower initial rate of PCr resynthesis after exercise reflects a slow rate of mitochondrial ATP synthesis and is likely to be due to an inadequate oxygen supply. This explains the trend towards slow recovery half times for PCr, Pi, and ADP as well as the rapid PCr depletion in exercise.
In cardiac failure secondary to left to right intracardiac shunting, there was a reduced PCr/ATP ratio within the myocardium: 1 23 (006) compared with 1-79 in the controls. This is consistent with previous findings in adults." Interestingly, the ratio in resting skeletal muscle was normal but we have no information on exercise because this group was too young to follow an exercise protocol. The myocardial PCr/ATP ratios were similar in controls and hypoxaemic children, but the numbers of patients studied was small and further work is indicated.
Finally, the only child we studied who had previously undergone a Senning procedure showed an abnormally low myocardial PCr/ATP ratio (1 a 15), suggesting bioenergetic imbalance despite an apparently good clinical result and no overt symptoms of cardiac decompensation. In such individuals the right ventricle continues to function throughout life as the systemic ventricle, and it is well recognised that there is significant risk of cardiac failure and arrhythmias some years after surgery. Further work needs to be performed to establish whether there is, consistently, a latent bioenergetic abnormality within the myocardium of the right ventricle, working against systemic loading conditions.
In conclusion, we have shown that "P MRS is possible in children of all ages. It is a safe and well tolerated technique for even the smallest child, which affords us the unique opportunity of studying bioenergetics in vivo. Its future widespread application in the clinic and research is possible.
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